Aims: The C677T variant in the methylenetetrahydrofolate reductase (MTHFR; EC 1.5.1.20) enzyme, a key player in the folate metabolic pathway, has been associated with increased risk of migraine with aura. Other genes encoding molecular components of this pathway include methionine synthase (MTR; EC 2.1.1.13) and methionine synthase reductase (MTRR; EC 2.1.1.135) among others. We performed a haplotype analysis of migraine risk and MTHFR, MTR, and MTRR. Methods: Study participants are from a random sub-sample participating in the population-based AGES-Reykjavik Study, including subjects with non-migraine headache (n ¼ 367), migraine without aura (n ¼ 85), migraine with aura (n ¼ 167), and no headache (n ¼ 1347). Haplotypes spanning each gene were constructed using Haploview. Association testing was performed on single SNP and haplotypes using logistic regression, controlling for demographic and cardiovascular risk factors and correcting for multiple testing. Results: Haplotype analysis suggested an association between MTRR haplotypes and reduced risk of migraine with aura. All other associations were not significant after correcting for multiple testing. Conclusions: These results suggest that MTRR variants may protect against migraine with aura in an older population.
Introduction
Migraine with aura (MA) and migraine without aura (MO) affect approximately 11% of adults worldwide (1) . MA has been associated with genetic variation in the gene encoding 5',10'-methylenetetrahydrofolate reductase (MTHFR), a key enzyme in the metabolism of folate. A recent meta-analysis found that the TT genotype at C677T (rs1801133) in MTHFR was associated with increased odds of migraine with aura (2) , and that an increasing number of the least common allele (T) was associated with MA as well (OR 1.40; 95% CI 1.1-1.8; p < 0.007) (3) . However, a complete analysis of the variation in MTHFR and other genes involved in the folate metabolic pathway has not yet been performed. A recent report analyzed six polymorphisms in folate-related genes and found that only one variation in the MTHFR gene (C677T) was associated with MA (4). To our knowledge, no study has had sufficient genotyping coverage to analyze the haplotype structure across the entire MTHFR gene, or the haplotype structure of MTR and MTRR, two other genes involved in folate metabolism. We predicted that variation across the MTHFR gene as well as the MTR and MTRR genes, using a combined SNP-haplotype approach to maximize the potential to identify putative regions of causal variation, would be associated with migraine with aura.
Methods

Study design
Study participants are from the Age, Gene/Environment Susceptibility (AGES) -Reykjavik Study, which has been described previously (5) . Individuals who participated in the Reykjavik Study from 1967 to 1996 were invited to participate in the AGES-Reykjavik Study from 2002-2006. These dates of participation comprise the mid-life and late-life visits, respectively. Of the 5764 individuals who returned to participate in the AGES-Reykjavik Study, we analyzed data from 2300 individuals randomly selected for a candidate gene sub-study. Individuals returning for the late-life visit had a slightly better cardiovascular risk profile (lower mid-life cholesterol, systolic blood pressure, and fewer smokers) compared with individuals who participated at mid-life and not late-life (5) . Mid-life assessments included questions about headache, measurement of cardiovascular risk factors, and demographic characteristics as previously described (6) . Late-life assessments included DNA collection, measurement of cardiovascular risk factors, and history of cardiovascular disease. All AGES-Reykjavik Study procedures were approved by the Icelandic National Bioethics Committee (VSN-00-063) and the Institutional Review Board for the U.S. National Institute on Aging, National Institutes of Health.
Mid-life visit
Headache classification. Participants reporting one or more headaches per month were asked follow-up questions about five symptoms of migraine: nausea or vomiting, unilateral location, and photophobia, together classified as non-aura symptoms; and visual disturbance before or during headache, and unilateral numbness before headache, together classified as aura symptoms. Participants were classified into four mutually exclusive headache categories: no headache once or more per month (reference category; NO), nonmigraine headache (NMH), migraine without aura (MO), and migraine with aura (MA). The MO category included individuals with headache plus at least two of the three non-aura symptoms and no aura symptoms. Individuals in the MA group had headache plus one or both of the aura symptoms; they may have had nonaura symptoms. Individuals in the NMH group reported headache with none or one non-aura symptom. Aura symptoms took precedence over other symptoms. The classification scheme represents an approximation of the International Classification of Headache Disorders (ICHD, 1988) diagnostic criteria for migraine with or without aura, which were formalized after the mid-life data were collected (7) . ICHD features for MO that are missing from these criteria include pulsatility, exacerbation with activity, and phonophobia. ICHD criteria for MA that are missing from these criteria include duration of aura (aura symptoms must last between 5 and 60 minutes) and speed of onset (aura symptoms must develop gradually over more than 5 minutes).
Genotyping DNA samples were extracted from blood using the Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN, USA). Genotyping employed the proprietary GoldenGate assay by Illumina Genotyping Services (Illumina Inc., San Diego, CA, USA). Initial quality control was performed by Illumina to identify failed samples and SNP; 156 duplicates were also included, 92 of which Illumina was blinded to. Using the duplicates, genotyping error rates were calculated to be <0.01%, and the percentage of failed samples was 0.07%. The highest percentage of missing data per sample was 2.1%, and the highest percentage of missing data for included SNP was 4.98%.
Markers selected to construct haplotypes
SNP chosen to construct haplotypes in the study are reported in the Single Nucleotide Polymorphism database (dbSNP), a public-domain archive for a broad collection of simple genetic polymorphisms (8) . Markers chosen for the present project are listed by RefSNP ID (NCBI) in Table 1 , including the distance between markers and heterozygosity data. Distance between markers is 4484 bp on average (minimum ¼ 62 bp, maximum ¼ 14874 bp), indicating a relatively dense map of markers.
Potential confounders
Because certain cardiovascular and demographic factors have been associated with migraine (9), the following mid-life variables were included as potential confounders in our analysis: sex, age, educational level (primary, secondary, college, university), selfreported current use of medication for hypertension, smoking history (never, former, current smoker), and history of diabetes, body mass index, systolic blood pressure, total cholesterol, and fasting blood glucose.
Data analysis
We analyzed data from 1976 individuals (86% total) who completed the migraine assessment at the midlife visit and had genotype data. Prior to reconstructing haplotypes from the marker genotypes, each marker was tested for deviation from Hardy-Weinberg Equilibrium (HWE) ( Table 1) and those significantly deviating from HWE were removed. In addition, we excluded three SNP in the MTHFR region that were monomorphic in our sample (rs7525338, rs2066472, and rs1931226). These SNP have low rates of heterozygosity as reported in public databases (<6% predicted) (10), so our findings are unlikely to reflect errors in genotyping. Haplotype blocks were constructed using genotype information from the remaining markers in The measure of linkage disequilibrium (LD) reported here is D', as calculated in Haploview. HWE indicates that markers deviated significantly from HWE and were removed from haplotype analyses. Other SNP were removed due to low Heterozygosity (Het). UTR: un-translated region bp to next SNP is the number of base pairs between the current marker and the next marker selected for the haplotype analysis. Validation; please see text for a description of the levels of validation with regard to the type of evidence submitted for validation of each marker.
each gene separately. Phase estimation and pairwise linkage disequilibrium (LD) calculations, based on the genotyping data (11) , were used to determine if one or more blocks were present in a given gene in our sample. Prior to tests of genetic association, groups were compared on demographic variables, such as age, using analysis of variance (ANOVA) for continuous variables and logistic regression for dichotomous variables ( Table 2) .
Haplotype inference was performed using PHASE 2.1.1, removing haplotypes of <2% frequency (12) . Bayesian methods were used to estimate haplotypes from population genotype frequencies as performed in the PHASE program. After haplotype reconstruction, specific haplotypes within separate blocks were tested for association with migraine using multinomial regression with four diagnostic categories (i.e. no symptoms, NO (reference category); non-migraine headache, NMH; migraine without aura, MO; and migraine with aura, MA). The independent variable was the presence or absence of one or two copies of a given haplotype, therefore this presumes an additive or dosage model for analysis. Haplotype analyses were used rather than diplotype analyses because there are no hypothesized gene interaction models. Results from both types of analysis are presented in Tables 3, 4 , and 5 with the copies of each haplotype on a separate row to facilitate comparisons between genders and two levels of adjustment (Model 1 and Model 2). Model 1 controls for age and time to follow-up. Time to followup was included because the migraine assessment was performed during a mid-life visit, but DNA collection occurred about 26 years later and was not the same for all study participants. Model 2 was additionally adjusted for the demographic and medical history variables described above. All analyses were performed separately for men and women.
The critical level of significance for the haplotypespecific tests within each haplotype set was adjusted by Bonferroni correction, i.e. the conventional p < 0.05 was divided by the number of major haplotypes (>2%) observed in each case. The reported p values are two-tailed and are listed below tables. Post-hoc power was calculated for our sample using the Casecontrol Genetic Power Calculator for discrete traits (13) . Assuming a putative risk allele frequency of 0.20 and a relative risk of 1.5, marker frequency of 0.20 and 0.80 LD (D') with the risk allele, we had 80% power to reject the null hypothesis of no association at p < 0.05. Logistic regression analyses were performed using SPSS (version 16; SPSS Inc., Chicago, IL, USA).
Results
Individuals varied in age between diagnostic groups (F 3, 1975 ¼ 5.18, p ¼ .001) with individuals with migraine (MA or MO) being younger than those with nonmigraine headache or no headache ( Table 2 ). Mean (AESD) time between the mid-life and late-life assessments was 25.8 (AE3.2) years and participants were on average 50.1 (AE6.1) years of age at the midlife exam and 75.9 (AE5.5) years of age at the late-age exam.
Haplotype reconstruction
Odds ratios were calculated as the measure of effect size and are reported for each block within each of the three genes tested followed by the 95% confidence interval ( Figure 1 ). The haplotype analysis indicated one 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0. 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0. haplotype block in MTHFR, one block in MTR, and two blocks in MTRR, and regression analyses were performed separately within each block. The conventional significance level of p < 0.05 was divided by the number of major haplotypes observed in each case giving the following p values for each haplotype block; MTHFR, p ¼ 0.0071; MTR, p ¼ 0.0125, and MTRR-A and -B, p ¼ 0.0167. The marker locations and LD block structure for the haplotype blocks are shown in Figure 1 . Tables 6, 7 , and 8 report the allele present for each marker of each haplotype, and the frequency of that haplotype in the population.
MTHFR
Two markers in MTHFR significantly deviated from HWE, rs2274976 (Arg594Gln/A1793G in exon 12; p ¼ 0.0001) and rs7533315 (p ¼ 0.0005), a non-coding SNP, and were removed from analyses leaving a four marker haplotype (A1-rs4846048, A2-rs1476413, A3-rs1801131, and A4-rs1801133; see Table 1 ). A single haplotype block spanning the MTHFR region was identified, and seven haplotypes over 2% frequency were identified in our sample (i.e. hap1-hap7). The two coding variations, C677T and A1298C, had a D' linkage disequilibrium value of 1. Other pairwise LD values for consecutive SNP are shown in Table 1 .
In men, hap4 (AACC) was associated with increased risk of non-migraine headache, although this association did not survive correction for multiple tests of association in both minimally and fully adjusted analyses (Table 3 ). In women we found the opposite: hap 4 was associated with decreased risk of non-migraine headache in minimally and fully adjusted analyses, although again this did not survive correction for multiple tests. This haplotype, AACC, carries the minor allele at the second and third SNP (rs1476413 and rs1801131), as underlined. Rs1801131 is a coding variant, Glu429Ala (A1298C), and has previously been associated with MTHFR deficiency and depressed enzyme activity (14, 15) . Hap6 was associated with increased risk of non-migraine headache in men, but associated with increased risk of migraine with aura in women, although neither tests survived correction of the p value. Hap6, AGAC, consists of the major alleles on MTHFR. Hap7 was associated with migraine with aura in women only, but did not survive correction of the p value. Hap7, AGAT, carries the minor allele at rs1801133, which is the coding variant Ala222Val, commonly referred to as C677T. This SNP has previously been associated with increased risk of migraine with aura (2) . In tests of the individual SNP in MTHFR (Table 9 ), only this one, rs1801133/C677T was associated with (decreased) risk of migraine with aura in women (OR 0.45, 95% CI 0.21-0.94, p ¼ 0.034 minimally adjusted analyses, OR 0.58, 95% CI 0.34-0.99, p ¼ 0.045 in fully adjusted analyses).
MTR
The haplotype block across MTR had four haplotypes in greater than 2% frequency ( Table 1) . None of the haplotypes in MTR were significantly associated with headache in men or women. In women, one copy of hap4 decreased the risk of MA, but this association did not survive correction for multiple tests, OR 0.63, 95% CI 0.42-0.94, p ¼ 0.024 in the minimally adjusted analysis, and OR 0.64, 95% CI 0.43-0.97, p ¼ 0.034 in the fully adjusted analysis (Table 4 ). This haplotype, hap4, TTGCCCATGGAACGGA carries the most common allele (underlined in hap4) at rs1805087 (Asp919Gly, A3179G), suggesting that this might be a weakly protective allele, decreasing the risk of MA when present on hap4. This allele is also present on hap1 and hap2 in MTR.
MTRR
Two haplotype blocks were identified in MTRR. Our data combined with publicly available online data (NCBI) indicated that rs1801394 (Ile22Met, exon 2) was not in either haplotype block, so it is analyzed separately (Table 9 ). In women, hap3B (GT) reduced risk of MA (Table 5 ), but this association did not survive the corrected error rate for this set of analyses (p < 0.0167). In men, hap1B (AA) was associated with reduced risk for migraine with aura and this analysis did survive correction (OR 0.27, 95% CI 0.10-0.79, p ¼ 0.016) in minimally adjusted analyses. The finding did not survive correction in fully adjusted analyses, OR 0.32, 95% CI 0.11-0.96, p ¼ 0.043. This hap1B, AA, carries the most common alleles for the two SNP comprising this haplotype, rs162036 and rs8659. The first SNP, rs162036 is a missense variation (Lys350Arg), and was tested separately as well, but was not associated with risk of migraine (Table 9) . Although this haplotype, with the common alleles for both SNP, reduces risk of MA in men, we would expect copies of hap2B (AT) or 3B (GT) to increase risk for MA, and indeed the OR for two copies of 2B and 3B were above 1, but these tests were not statistically significant. 11)). Haplotype blocks for the present study are contained within black triangles in the figure, and markers outside of the blocks are outside of these triangles. 95% confidence bounds on D' were generated and each comparison was called 'strong LD2', 'inconclusive' or 'strong recombination'. A block was created if 95% of informative comparisons were 'strong LLD'. Table 7 . MTHFR haplotypes and frequencies.
Haplotype rs2274976 rs1476413 rs1801131 rs1801133 Frequency
There was only one block in MTHFR. Marker A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16
Haplotype
1 refers to the major allele, and 2 denotes the minor allele. There was only one block in MTR.
The rs numbers for markers are listed in Table 1 . 
Risk score
In addition to the haplotype analysis, a risk score was calculated as the sum of the number of minor alleles for each of the coding variations (i.e. rs1801394, rs1532268, rs162036, rs1805087, rs2274976, rs1801131, rs1801133, rs2066472). This risk score would equal 4 for an individual heterozygous at each of the eight loci, as we assigned a score of 0 for the major genotype, 0.5 for the heterozygous genotype, and 1 for the homozygous minor genotype. Therefore, the risk score assumes an additive rather than interactive or non-additive relationship between these loci. The score was analyzed as a continuous variable, and compared across groups, with full and minimal adjustment analogous to all previous analyses. As shown in Table 10 , this risk score was not associated with headache type.
Discussion Summary
In summary, hap1B in MTRR was associated with reduced risk of MA in men, and this haplotype carries the most common alleles for both markers on the haplotype, including rs162036 (Lys350Arg). This was also found in women at p ¼ 0.043, ns. In the case of rs162036 in MTRR, the most common allele was associated with decreased risk of MA in men. This SNP in MTRR has been associated with spina bifida and congenital heart defects (16) , and methionine synthase reductase (MSR) is necessary for folate metabolism (17) . However, it is not known if rs162036 leads to deficient levels of MSR or otherwise differential function. One SNP in MTHFR, rs1801133 (C677T), was associated with reduced risk of MA in women, p ¼ 0.034, ns. This is in contrast to a recent meta-analysis of 13 studies, which reported that the TT genotype of the MTHFR 677C>T polymorphism was associated with an increased risk for only migraine with aura, but not for migraine without aura, and primarily in non-Caucasian populations (2) . However, we note that a different study in an older sample (mean 54.1 years) also found a moderate protective effect of C677T on MA (18) . In addition, a more recent article found a protective effect of C677T on MA but only among individuals with fewer than six migraine attacks per year (19) . Participants in the present study were on average 76 years of age when they provided a DNA sample at the late-life visit. It has been reported that individuals with migraine with aura are at increased risk of overall mortality compared with others (20, 21) . MA was also associated with increased mortality risk in the Reykjavik cohort (22) . If participants in our study reporting MA at the mid-life visit were more likely to die before the late-life visit (mean age 76) when DNA was collected, and if mortality risk varied within the MA group depending on genotype, our observed protective association between C677T in MTHFR (as well as hypothetically other protective associations reported herein) could have been influenced by selective mortality. The selective mortality effect on this region is tested and described further in a recent paper (23) . Specifically, the TT and CT genotypes at C677T in MTHFR may be linked with somewhat reduced longevity. The effect this may have on our observed association between MA and C677T is to attenuate a 'real' deleterious effect of the genotype, and essentially reveal a protective effect of individuals with this genotype. In the simulation by Scher et al. (23) , the authors demonstrate that even small effects on survival of this allele might obscure a genetic risk factor, and even suggest a protective factor in a population comprising older individuals as is the case in this study.
Because analyses above compared all four groups of individuals, we performed post-hoc tests comparing just the MA (n ¼ 167) and MO (n ¼ 85) groups to determine if any of the genes were specifically associated with aura, rather than migraine status. With the caveat that our sample size for this analysis was low, and these analyses are likely to have been underpowered, we found no significant associations between any of the haplotypes or specific loci and the MO vs. MA group comparison.
Strengths
Our study analyzed data from a large, well-characterized sample giving us the statistical power to stratify analyses by gender. Participants were interviewed about migraine history in middle age. Participants in the study were followed up as part of a comprehensive epidemiologic study, allowing us to adjust for plausible confounding risk factors.
Limitations
Headache symptoms were only assessed in participants reporting at least monthly attacks, so individuals with less frequent headaches or those with aura but no headache would probably have been included in the no headache group. However, we note that our prevalence of migraine overall is consistent with prior reports (1) . Our prevalence of MA (8.5%) is higher than that reported previously, perhaps because subjects with non-specific visual symptoms such as blurred vision might have been included in the MA group. The effect of these misclassification errors would likely have been to attenuate towards the null any true association between haplotypes/SNP and headache rather than overstating an association.
It should be noted a recent genome-wide association study (GWAS) employing multiple separate samples found only one variation, rs1835740 on chromosome 8q22.1, to be associated with migraine (24) . and this variation is on a different chromosome from the three genes in this study. The markers that were genotyped and available for this study provided sufficient coverage of the MTR and MTRR genes, but MTHFR was not covered between introns 1 and 3 because available markers in that region were monomorphic in our sample, and no other markers on the chip covered that region of the gene. Future genotyping efforts should include sufficient coverage of polymorphic markers in this region so that the haplotype analysis is more complete. However, many studies report two marker haplotypes for MTHFR utilizing even fewer than the three coding SNP in MTHFR used in our study (i.e. Arg594Gln, Glu429Ala, Ala222Val) (25) .
Others have found that MTRR A66G (rs1801394) is associated with coronary artery disease, and attributed this association to A66G's capacity to interfere with reductive methylation of cobalmin in the folate pathway (26) , leading to hyperhomocysteinemia or high levels of homocysteine (27) . Our results provide the first evidence of an association between MTRR and migraine with aura, adding to evidence that the folate-metabolic pathway may have etiological significance in migraine with aura. However, replication of this study will be needed to confirm our results.
Clinical implications
. Folate-related gene variations may protect against migraine with aura. . Our findings increase the evidence that the folate-metabolic pathway may have etiological significance in migraine with aura. . Gene variations in MTRR are known to also be involved in high levels of homocysteine and coronary artery disease.
